Abstract-In this paper, we report the investigation of monitoring the degradation of transformer oil in power transformer using fiber Bragg grating sensor (FBG). The findings show that aging transformer oil has a higher refractive index (RI) compared to fresh transformer oil. This is detected by a wavelength shift in the FBG sensor's spectral response. The outcome complies with the breakdown voltage test which is the standard test for testing transformer oil ageing. Finally, we show that the sensor is temperature independent.
I. INTRODUCTION
A very important component in a power transformer is the transformer oil or insulation oil, which insulates the transformer's coils. The transformer oil also helps regulate the temperature in the transformer by conducting heat away from its coils while helping to preserve the core and winding which are fully immersed inside the oil. Another important function of this oil is to prevent direct contact of atmospheric oxygen with the cellulose based paper insulation around the windings which is susceptible to oxidation. To maintain good performance of this oil, it needs to be monitored regularly to ensure that the oil quality is acceptable. It is quite rare for faults to occur in power and distribution transformers. The failure rate is reported to be around 1% to 2% [1] . However, breakdowns involving these equipments usually have severe technical and financial consequences. It could even lead to the destruction of human life as well as the environment. Main factors affecting the acceleration of ageing of the insulation of a transformer are humidity, high temperature, oxidation and the acidity of its oil [2] [3] [4] .
The conventional method for monitoring transformer oil degradation is by breakdown voltage test. Optical fibers can also be used as an alternative for inspecting aging transformer oil. 'D' shaped optical fiber used as sensors to detect changes in the RI of oil [5] show that aging oil has higher refractive index compared to the newer oil.
Other researcher used optical fibers with different core sizes to achieve higher accuracy and sensitivity [6] . Removal of the core results in a highly sensitive sensor with an accuracy up to five decimal places and having a range from 1.33 to 1.56. The value of RI was measured [6] using the ratio in Eq (1) ( 1) Where I sig is the output intensity from the uncladded fiber immersed in the liquid under test. While I ref is intensity of the reference beam.
Temperature is one of the most important parameter that is monitored in power transformers. Rise in temperature is normally caused by the load current and this can cause a rapid degradation of the transformer oil [5] . Several hot spots at the power transformer are monitored, such as the lower and higher voltage bars, the inside of the deflector tube of the high voltage copper bar, windings, magnetic circuit and the oiltank that contains the transformer oil. In view of this, it is most suitable to use multipoint detection by an array of FBG sensors [6] . This multi point monitoring added with an online computer system will be able to provide real time monitoring of the various parameters of the transformer and give an indication of their conditions. This will enable preventive maintenance of the transformer to be carried out and minimize damage to the equipment.
Monitoring the quality of transformer oil can also be done by measuring the formation of gases rather than only the oil sample quality. Gasses are produced by the mixtures of many different hydrocarbon molecules and the decomposition processes for these hydrocarbons in thermal or electrical faults and chemical reactions that involve the breaking of carbon hydrogen and carbon-carbon bonds. During these processes, active hydrogen atoms and hydrocarbon fragments 978-1-4673-1463-3/12/$31.00 ©2012 IEEE are formed [7] . An FBG sensor with palladium (Pd) coating and overlaid by a polyimide layer, can be arranged inside the transformer to detect the presence of these gasses more quickly and accurately than the conventional dissolved gas analysis (DGA). FBG hydrogen sensor can effectively indicate small concentrations of hydrogen dissolved in transformer oil with high sensitivity [8] .
However, the previous paper does not check the oil directly. This would allow miss-reading of the sensors measurements which leads costly operational failure. In this paper, we present an investigation of transformer oil degradation evaluation based on the change in RI of the oil itself using Fiber Bragg Grating sensors. To the best of our knowledge, this is the first time a direct measurement in-situ was done on a transformer oil. To valid the results, we compare the results to the ones obtained from a standard breakdown voltage test.
II. EXPERIMENT AND RESULT
Five different samples of transformer oil (labelled A1, A2, A3, A4 and A5) are collected on site. Breakdown test is conducted using the Megger 100AF/2 Automatic Oil Test Set. The breakdown voltage of the transformer oil is also referred to as its dielectric strength. It is measured by immersing two electrodes with a specific gap into the oil and observing the value of the voltage where it starts to spark. Low value of breakdown voltage indicates that the oil has been contaminated by conducting substances and moisture content.
To perform this test, the oil is first placed in a container. A pair of electrodes are immersed into the oil with a fixed gap of 2.5mm. The electrodes inject voltage at a rate of 2kv/s until sparking is observed to take place between the electrodes [12] [13] . The voltage at that point is the breakdown voltage of the particular oil sample. The test repeated 6 times and the average reading is calculated automatically by the machine. The result of breakdown test is shown in Fig. 1 .
The samples are arranges from A1 to A5. A1 is the freshest sample and A5 is the oldest sample. These results show that the breakdown voltage occurs at a lower point for older samples. As the sample's quality degrades, the breakdown voltage point decreases [11] .
The refractive index of transformer oil is measured using the ATAGO PAL-RI Refractometer. This refractometer can measure a liquid range 1.3306 to 1.5284. The resolution is 0.0001 at a temperature of 0.1°C. The minimum amount of sample needed for the measurement is 0.3ml. Table 1 . These temperatures are achieved by heating the oil to specific temperatures in an oven. Then the oil is taken out from the oven and temperature is measured. When the temperature reaches a specific value, a few drops of the oil are placed on the refractometer and the refractive index of the oil at that specific temperature is recorded. The temperature is varied from 25°c to 50°c which is within the temperature range experienced by the oil when placed in an outdoor environment. It shows that the refractive index of transformer oil samples does not change when the temperature rise until 50°C. This result is important since its shows RI of oil is constant with temperature changes. 
III. FIBER BRAGG GRATING SENSOR
Fiber Bragg grating (FBG) is a type of distributed Bragg grating that been write into a core of fiber. An FBG coupled to a laser source will acts as a filter that will reflects a certain wavelength and transmit others. Grating is written to the single mode fiber with GE-doped core in which a periodic modulation of the core refractive index is formed by exposure to a spatial pattern of ultraviolet (UV) light. The Bragg condition is given in (2) is also known as high reflection condition.
=2 neff
( 2) where is period of the Bragg grating and n eff is the effective refractive index. The effective index is the combination of the RI of the core and cladding. It can be seen that when the material surrounding the grating changes, the effective index will undergo some variation, causing a shift in the reflected wavelength.
The transformer oil degradation testing setup, incorporating FBG as the sensor is shown in Fig. 3 . The FBG sensor used has it central wavelength of 1549.79nm and its reflectivity is 88.0%. A broadband source with a range of 1520nm to 1620nm emits light to the sensor and the transmitted light is collected after it passes the sensor and measured using an optical spectrum analyser (OSA). An isolator is used to ensure that there is no reflected light in order to protect the light source from damage and also to prevent unwanted noise into the system.
The results of the FBG sensor are shown Fig. 4 . It can be seen that the default curve (when surrounding medium is air) is similar to its manufacturer specified central wavelength of 1549.79nm. The figure shows that when subjected to immersion in all the oils, the transmitted curve is shifted to the longer wavelength compared to the default curve. Five different oils are tested and their result show that there is a shift in wavelength for the different qualities of oil. This shows that FBG based sensor is able to detect the degradation of transformer oil however, the wavelength shift did not correspond precisely with the RI of the oil. This may be overcome by optimizing the core and cladding thickness as well as other parameters such as grating length and so on. 
IV. CONCLUSIONS
In this paper we showed that FBG sensor can be used to identify ageing transformer oil based on its refractive index. It has been demonstrated that the FBG shows a wavelength shift to a longer wavelength for different oil qualities.
For optimizing the sensors to identify different ageing oil, it is recommend that further works should be done by changing the core and cladding ratio of the sensors as well as other contributing factors such as purity of the materials used in cleaning the sensors that can cause the inaccuracies in the sensor's output. 
